Background: To evaluate the robustness of head and neck treatment using proton pencil beam scanning (PBS) technique with respect to range uncertainty (RU) and setup errors (SE), and to establish a robust PBS planning strategy for future treatment. Methods and Materials: Ten consecutive patients were planned with a novel proton field geometry (combination of two posterior oblique fields and one anterior field with gradient dose match) using single-field uniform dose (SFUD) planning technique and the proton plans were dosimetrically compared to two coplanar arc VMAT plans. Robustness of the plans, with respect to range uncertainties (RU = ± 3% for proton) and setup errors (SE = 2.25 mm for proton and VMAT), in terms of deviations to target coverage (CTV D98%) and OAR doses (max/mean), were evaluated and compared for each patient under worst case scenarios. Results: Dosimetrically, PBS plans provided better sparing to larynx (p = 0.005), oral cavity (p < 0.001) and contralateral parotid (p = 0.004) when compared to VMAT. CTV D98% variations were higher from SE than from RU for proton plans (−1.1% ± 1.3 % vs −0.4% ± 0.7% for nodal CTV and −1.4% ± 1.2 vs −0.4% ± 0.5% % for boost CTV). Overall, the magnitudes of variation of CTV D98% to combined SE and RU were found to be similar to the impact of the SE on the VMAT plans (−1.6% ± 1.9% vs −1.7% ± 1.4% for nodal CTV and −1.9% ± 1.6% vs −1.3% ± 1.5% for boost CTV). Compared to VMAT, a larger range of relative dose deviations were found for OARs in proton plans, but safe doses were maintained for cord (41.8 ± 3.6 Gy for PBS and 41.7 ± 3.9 Gy for VMAT) and brainstem (35.2 ± 8.4 Gy for PBS and 36.2 ± 5.1 Gy for VMAT) in worst case scenarios. Conclu- sions: Compared to VMAT, proton plans containing three SFUD fields with superior-inferior gradient dose matching had improved sparing to larynx, contralateral parotid and oral cavity, while providing similar robustness of target coverage. Evaluation of OAR dose robustness showed higher sensitivities to uncertainties for proton plans, but safe dose levels were maintained for cord and brainstem.
Introduction
The main goal of modern radiotherapy is to optimize the delivery of radiation dose such that the target is fully sterilized while maximally sparing the surrounding healthy tissue and organs. Especially in head and neck (HN) cancers, this goal is challenging to achieve because organs at risk (OAR) are generally proximal to target volumes. Huguenin et al. had a quality of life study for HN patients received radiotherapy and revealed the highest morbidity was probably the result of using large radiation fields [1] . Therefore, reduction in irradiated volume and dose to local organs may lower the risk and severity of radiation induced complications [2] . Advanced conventional delivery techniques such as intensity modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) have improved the outlook for OAR for HN patients in the past several decades [3] . Proton therapy has the potential to further improve OAR sparing and reduce integral dose resulting from the intrinsic physics of the proton beam [4] .
Proton pencil beam scanning (PBS) technique is the current state of art of modern proton therapy. Generally, PBS dose can be shaped using either single-field uniform dose (SFUD) or intensity modulated proton therapy (IMPT) planning techniques. In SFUD, often called single-field optimization, fields are optimized simultaneously so that each field uniformly covers the whole target. In IMPT, fields are also optimized simultaneously, but each field does not uniformly cover the whole target and only the sum of all fields provides adequate and homogeneous target coverage, similar to IMRT. Although the flexibility of IMPT allows for creation of more complex dose distributions than SFUD, which improves OAR sparing in practice, concerns such as high sensitivity to uncertainties and lack of robustness for IMPT still exist [5] . In contrast, SFUD plans are considered to be more robust than IMPT due to less dose modulation and lower complexity of dose distributions for each individual field [6] .
Uncertainties in proton therapy are expected from several sources. Setup errors (SE), considered only as shifts in conventional therapy, also cause dose distortions in proton therapy resulting from the displacement of heterogeneity in the beam path, to which protons are more sensitive than photons. Additionally,
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range uncertainties (RU) arise from conversion of computed tomography (CT) Hounsfield units (HU) to proton stopping power, CT artifacts, fluctuation of proton energy, anatomy change and so on. Typically, RU from ±3% to ±3.5% of HU is taken into consideration for routine clinical practice [7] . Uncertainties related to motion should be considered as well when evaluating proton therapy plans, especially for PBS treatments due to interplay effect [8] . As all of these uncertainties may result in significant deviations between planned and delivered dose distributions [9] , it is very important to evaluate the robustness of proton therapy plans, especially for newly developed clinical protocols.
Several previous studies have investigated the robustness of proton therapy for HN cancer compared to photon techniques. Barten et al. studied OAR sparing and plan robustness for PBS proton planning techniques including SFUD and IMPT with more fields and compared these with VMAT photon plans. They reached conclusion that IMPT plans has improved OAR sparing but were less robust than SFUD and VMAT and robustness of the MFO plans did not increase with more fields [6] . Van der Voort et al. derived a "robustness recipe" for minimax robust optimization of IMPT treatment plans to ensure adequate CTV coverage for HN cancer patient relative to systematic setup, random setup and range errors [10] . Malyapa et al. evaluated the robustness of IMPT plans to setup and range uncertainties for HN patient and created a robustness database, which allows the identification of future plans that may benefit from alternative planning approaches to improve robustness [7] . Van de Water et al. quantified the impact of the degree of robustness against setup and range errors on OAR dose and normal tissue complication probabilities in IMPT proton therapy for HN cancer patient and concluded that minimizing setup errors should be given a higher priority than minimizing range errors [11] .
In this work, a novel HN proton treatment planning geometry containing three SFUD fields (two posterior (oblique) fields and one anterior field, inversed "Y" shape) using superior-inferior gradient dose matching is presented. The dosimetrical advantages and plan robustness of this approach are first time evaluated relative to two-Arc VMAT plans, in terms of target and OAR dose levels.
Materials and Methods

Patient Group, Simulation and Contouring
Ten consecutive post-operative oropharynx HN patients treated at our center were studied. Clinical target volume (CTV) and OAR were delineated based on our departmental clinical protocol. Planning target volume (PTV) was created from CTV with 3 mm uniform expansion (Figures 1(a)-(c) ) and PBS target volume used for proton dose optimization was generated from CTV with 5 mm 
Treatment Planning Techniques
VMAT (Figures 1(d) -(f)) treatments were optimized with two full arcs using 6 MV photons in Eclipse (Varian Medical System, Palo Alto, CA) treatment planning system (TPS). Dose calculation was performed using the anisotropic analytical algorithm (Eclipse AAA v11.030) with grid size of 2.5 mm.
Proton plans were created in Eclipse TPS using the proton convolution superposition (Eclipse PCS 10.0.28) algorithm and simultaneous spot optimization with dose calculation grids of 2.5 mm and spot spacing of 5 mm. Gradient dose optimization was used to match two sets of fields in craniocaudal direction, a method successfully applied to PBS craniospinal irradiation (CSI) [12] . All target volumes were separated into two sets along thyroid notch level with an overlap of ~4 cm purposely. A subset of equally-spaced optimization structures was created in the overlap region and used to achieve smooth dose gradients in the craniocaudal direction for both upper and lower fields in this junction area (with the direction of the gradients opposed). As indicated in Figure 1 Our proton system has minimal deliverable energy of 100 MeV, which translates to a range of 7.7 cm WET. To cover the shallow portion of targets, a thick couch (WET~7.35 cm) and an anterior bolus (WET~7.16 cm) served as an alternative solution to machine range shifter for posterior and anterior fields respectively [13] , so that sufficient coverage to the shallow portion of the target could be maintained. Online patient positioning was completed via alignment of bony anatomy around target volumes using two orthogonal kilo-voltage (kV) based imaging guidance. The anterior bolus is placed in position after imaging-guided patient alignment. The vertical position of the bolus is indexed relative to couch surface to maintain a reproducible air gap between bolus and patient. As large air gaps could broaden the proton spot size [14] , air gaps were kept as small as possible. Typically, the achieved air gap is 10 cm or below.
Robustness Evaluation
Worst case scenarios for SE were simulated for both proton and VMAT plans with simultaneous shifts in all three directions (8 combinations) similar to the method used in the study by Barten et al. [6] . As all patients were immobilized using a thermoplastic mask, a shift of 2.25 mm [7] , which satisfied an 85% confidence level [15] , was applied in three directions. The influence of RU was also investigated by introducing ±3% errors on the HU values in proton planning CT (2 combinations) and was considered as negligible in VMAT planning. SE and RU were also combined (SREs: 16 combinations) for proton plans to evaluate the plan robustness in the worst-case scenario for both sources of uncertainty combined. Loss of target coverage and deviations to OAR doses were reported.
For any given patient, multiple instances of overdose to critical organs, such as cord and brainstem, relative to their dose constraints, or a loss of CTV coverage > 5% triggered re-evaluation and potential re-optimization of the plan. Table 1 summarizes the dosimetric results of proton and VMAT plans for 10 patients. A two tailed student t test was used to evaluate the statistical significance of dosimetric parameters from all plans. The planning objective for CTV coverage (D98% ≥ 99%) was achieved for all proton and photon plans, while the goal for PTV (D95% ≥ 100%) coverage was only reached for 7 proton and 3 photon patients. The maximum deviation from the objective for PTV coverage was found to be −1.2% of the prescription dose for one VMAT case, and all the others deviated < 1%, which was considered clinically acceptable. The aim of less than 0.03 cc of total body volume receiving 66 Gy or more was maintained in all plans. As shown in Figure 2 , smooth dose gradient was achieved in the junction area (red lines indicated in Figure 1(l) ) between matched proton fields for proton plan. Clinically acceptable maximum dose constraints to cord and brainstem were also achieved for all plans.
Results
Dosimetric Evaluation and Comparison
In terms of OAR sparing, proton plans significantly improved the mean dose to oral cavity (p < 0.001), larynx (p = 0.005) and contralateral parotid (p = 0.004) compared to VMAT plans. Sparing of OARs such as cord, brainstem, contralateral submandibular and ipsilateral parotid was patient specific and mostly relied on the relative location between organs and target volumes, as well as their shape along the beam direction and the level of overlaps between structures. and SREs for proton plans, and only SE for VMAT. The average variations of target coverage (CTV and PTV) caused by RU alone were smaller than those from SE alone for proton cases. The overall worst-case scenario coverage deviations were found to be comparable for proton (SREs) and VMAT (SE) plans: −1.6% ± 1.9% versus −1.7% ± 1.4% for CTV54, −1.9% ± 1.6% versus −1.3% ± 1.5% for CTV60, −2.5% ± 1.6% versus −4.4% ± 1.3% for PTV54 and −2.9% ± 1.7% versus −3.5% ± 1.9% for PTV60. More than 5% drops in D98% of CTV54 was found for 3 proton (−6.0%, −6.8% and −7.1%) and 1 photon patient (−6.2%), and more than 5% decreases in D98% of CTV60 was found for 3 proton (−5.1%,−6.9% and −7.3%) and 2 photon patients (−6.1% and −6.2%), which was also considered to be similar across the two modalities. No multiple instances of 5% or more loss in CTV D98% were found for any single patient.
Robustness Evaluation
While only dose variations from SE were evaluated for the VMAT plans, impacts of RU, SE and SREs on doses to OAR were reported separately for proton plans. The contralateral submandibular gland, located at the distal end of the proton beam and often bordering the target volume, was on average more sensitive to RU (0.2% ± 13.3%) than SE (0.1% ± 5.0%) for all 10 patients. Especially, when there was a direct overlap with target volume, the sensitivity of dose variations to RU increased because of its small volume. The SREs further increased the dose variations (−0.1% ± 13.0%). The same trend was observed for oral cavity, but with less magnitude due to the structure's larger total volume than submandibular gland. In contrast, the OARs located laterally to the proton beam, such as brainstem and cord, showed dominant sensitivity to SE, rather than RU.
The dose variations caused by SE, RU and SREs were 0.3% ± 2.7%, 0.6% ± 9.6%, 1.0% ± 10% for brainstem and 0.1% ± 1.0%, 2.2% ± 2.2%, 2.2% ± 2.6% for cord, respectively. were lower for proton cases, overall range of variations were about the same, and the difference was ~1%. However, the box values of PTV D95% were higher for proton cases. Larger variations on D95%, especially for PTV54 were observed.
While larger dose variations were found for brainstem and cord, safe dose to cord and brainstem were generally maintained [16] , as shown in Figure 3 . Table 3 presented the direct comparison of dosimetric metrics with and without considering the perturbations of RU and SE. In general, it showed very similar mean and deviation on dose metrics of CTV and PTV between PBS and VMAT. The mean doses to all OARs with perturbations were very similar to their mean planning dose while the deviation increased as expected. The dose to cord were 41.8 ± 3.6 Gy for PBS and 41.7 ± 3.9 Gy for VMAT with perturbations and the dose to brainstem were 35.2 ± 8.4 Gy for PBS and 36.2 ± 5.1 Gy for VMAT, which were also about the same range.
Discussion
This study presented a novel field geometry for HN patients receiving proton PBS treatment. The results of treatment planning comparisons between proton SFUD PBS delivery technique and VMAT photon radiotherapy for HN were reported, focusing on target coverage, OAR sparing and plan robustness for plans generated using commercial TPS (without robust optimization). The planning method containing two PBS posterior-oblique fields (POF) was first developed and used to treat HN patients at our institution. Considering the shape of typical HN target volumes, the selection of POF was used to improve the sparing of normal organs anterior to the target volumes, and reduce their treatment related toxicities. In contrast to VMAT plans, this goal could be achieved for most of the proton HN patients when there was no direct overlap between organs and target volumes. However, verification plans based on repeated CT scanning showed potentially large coverage variations to nodal volumes located in the lower neck [17] . These nodal targets were typically shallow, from an anterior beam direction. Therefore, POF had to travel a longer beam path to reach them. Loose tissues on the back of the neck can fold differently from day to day and it was a challenge to achieve the goal of reproducibility for this loose tissue, especially for larger/older patients. Neither surface guidance with optical images, nor kV images during patient setup, are capable of flagging this change of tissue shape on the back of the patient's neck, which could significantly impact the POF proton beam path, and translate into range errors and reduced target coverage. However, it also showed consistency and robustness of the POF to target coverage and OAR sparing for volumes superior to the thyroid notch.
Therefore, a revised planning method was proposed to separate the target volume into two sets, depending on their locations relative to the thyroid notch, and to add an anterior field to cover the lower target set [18] . Gradient dose matching was applied to create a "soft dose buffer" between two abutting field sets to reduce planning complications and dose uncertainties associated with the junction. The revised method has become our standard approach for proton treatment of HN patients.
One novelty of this work originates from the employment of gradient dose matching for the anterior and posterior field target sets in HN planning with a PBS technique. Different from the field matching in craniospinal irradiation, all fields here share the same isocenter in HN proton therapy and no couch shift is required between fields during treatment. Along with the fact that patient's head and neck area is immobilized by a thermoplastic mask, that effectively limits the patient's intrafractional movement along craniocaudal direction, so variations in daily setup should result in a wash-out effect along the junction [19] , and large systematic setup errors are restricted for HN treatment through the use of accurate online imaging systems. According to the mathematic model for gradient field match developed by Lin [12] , given a systematic setup error of 2 mm, maximal ~5% dose errors are expected at junction of 4 cm using gradient dose match. Thus, a junction length of 4 cm (shown in Figure 2 ) is considered to be reasonable to maintain a safe dose to critical organs, such as cord, and uniform coverage to target volumes in the junction area by adding the wash-out effect due to daily setup variations.
Another novelty comes from the selection of proton beam angles. Posterior fields provide sparing on the OARs anterior to treatment volumes, including optical system, as well as organs and tissues in oral cavity. However, the dose deviation caused by range uncertainties, which could be the dominant uncertainty factor as illustrated in this study, has to be assessed during plan evaluation. Large dose variations are generally expected for distally located small organs, such as the submandibular gland, especially when overlap with target volumes is present. In contrast to VMAT, higher mean dose is often observed for the submandibular glands overlapping with target volumes in a proton plan because extra margin is typically added distally to accommodate range uncertain-ties, so more normal tissue volume distal to the PTV receives the prescribed dose. However, Proton could provide significant sparing when no direct overlap occurs, such as for patient 6. Moreover, critical organs such as brainstem and spinal cord are placed laterally to the field to avoid unpredicted dose uncertainties caused by range uncertainty and enhanced radiobiological effect at the distal end of the Bragg peak [20] . It is easy to understand why setup uncertainties dominate the dose variations for these laterally positioned organs, as indicated in this study. Maximal cord dose between 45 Gy and 50 Gy was found for two patients (1 and 3) in a specific combination of SE and RU in their robustness study.
Concerns on safe cord dose are reduced not only because minimal (<0.5cc) volume received dose of 45 Gy and above, these values represent the cord doses in the worst case scenario (consider SE as systematic errors through treatment course) and daily setup variation is ignored. Moreover, bony landmarks proximal to these organs, such as cervical vertebrae, are generally considered for patient setup to confirm the accuracy of patient alignments.
The robustness evaluation in this study is limited to SE and RU. The effect of patient's inter-and intra-fractional shifts, which could potentially smear the dose deviations predicated by the uncertainty study [21] , were not investigated.
With modern imaging guided therapy, the risk of 2.25 mm SE in all three directions simultaneously is low, especially for HN cases with immobilization devices and special attention given to precise patient positioning. Further research is needed to investigate the dose uncertainties due to anatomic changes using online volumetric imaging [22] or repeating CT scans [23] , as well as variation in relative biological effectiveness [24] . It would also be desirable to explore robust optimization algorithms during plan optimization to simultaneously strive for a robust plan with optimal OAR sparing [25] [26] . Furthermore, with the development of fast and accurate dose calculation algorithms [27] and advanced online imaging analysis tools [28] , application of adaptive proton therapy on HN treatment should also be considered.
Conclusion
This study presented proton PBS treatments with a novel proton beam geometry of three SFUD fields for HN patients. The robustness of the proton plans was assessed based on RU and SE, and was compared to VMAT results. It demonstrated that a proton plan with three SFUD fields can lead to robustness similar to that of VMAT, even without robust optimization algorithms, while providing significant sparing to larynx, contralateral parotid and oral cavity.
